Introduction {#sec1-1}
============

Electroacupuncture (EA) is a special form of acupuncture that has shown therapeutic effects in animal experiments and clinical trials of cerebral ischemic injury (Si et al., 1998). Cerebral ischemic injury tolerance induced by EA preconditioning was first examined in 2003 (Xiong et al., 2003). Moreover, many studies have suggested that *Baihui* (GV20) acupoint-based acupuncture has a protective effect in the pathophysiological process of ischemic stroke in animal models (Wang et al., 2009, 2011; Kim et al., 2013; Xu et al., 2014b; Zhang et al., 2014; Wu et al., 2015). However, its mechanism is still not well understood, and further studies are required before it becomes clinically accepted.

Expression of adenosine monophosphate-activated protein kinase (AMPK) in adult brain was first reported in 1995. It was suggested that AMPK in the central nervous system plays an important and sophisticated role in energy balance (Gao et al., 1995). The activated form of AMPK contributes to maintaining cellular adenosine triphosphate levels by triggering catabolic processes such as fatty acid oxidation, and inhibiting anabolic pathways including cholesterol synthesis (Ronnett et al., 2009; Li et al., 2015). Previous studies have suggested that the AMPK signaling pathway is involved in cerebral ischemic preconditioning *via* several mechanisms, alleviating the severe energy deficiency that is often secondary to ischemic brain injury (Culmsee et al., 2001; Ashabi et al., 2014; Jiang et al., 2014, 2015; Jinadasa et al., 2014; Venna et al., 2014).

Numerous studies have demonstrated various EA and AMPK mechanisms during neuroprotection (Tian et al., 2013; Wang et al., 2013; Kim et al., 2014; Viggiano et al., 2014; Xie et al., 2014; Chung et al., 2015). However, the relationship between AMPK and EA is unclear. Therefore, we aimed to determine if the AMPK signaling pathway is involved in neuroprotection induced by EA stimulation targeting the *Baihui* (GV20) acupoint in a mouse model of bilateral common carotid artery occlusion (BCCAO).

Materials and Methods {#sec1-2}
=====================

Experimental animals {#sec2-1}
--------------------

Specific-pathogen-free male C57BL/6 mice (aged 9 weeks old and weighing 20--25 g) were provided by the Cavens experimental animal center (Changzhou, Jiangsu Province, China) (license No. SCXK (Su) 20110003). Experimental mice were bred and housed in the Animal Facility at Qingdao University (China) under controlled conditions in a 12-hour light/dark cycle at 24 ± 2°C with a humidity of 60--70% for at least 1 week before preconditioning or surgery. Mice were allowed free access to a standard rodent diet and tap water. All procedures were approved by the Animal Care and Management Committee of Qingdao University in China (Permit No. QUEC-130205). A total of 60 mice were randomly assigned to five groups (*n* = 12 in each group): sham, BCCAO, EA + BCCAO, 6-\[4-(2-Piperidin-1-yl-ethoxy)phenyl\]-3-pyridin-4-yl-pyrazolo\[1,5-a\]pyrimidine (compound C, CC) + BCCAO, and EA + CC + BCCAO groups.

Electroacupuncture preconditioning {#sec2-2}
----------------------------------

Electroacupuncture preconditioning was performed according to a previously described method (Wang et al., 2005). Briefly, mice were anesthetized intraperitoneally (i.p.) using 4% chloral hydrate (0.1 mL/10 g). The *Baihui* (GV20) acupoint is located at the intersection of the sagittal midline and the line linking both ears of the rat. The acupoint was subcutaneously acupunctured at 2 mm and stimulated with an intensity of 1 mA and frequency of 2/15 Hz for 30 minutes, once a day, continuously for 5 days using the G6805-1 EA Instrument (XinSheng Co., Ltd., Qingdao, Shandong Province, China). The core temperature of all mice was measured and maintained at 37.0 ± 0.5°C during EA preconditioning by surface heating or cooling.

Establishment of cerebral ischemia model and CC intervention {#sec2-3}
------------------------------------------------------------

Mice were subjected to BCCAO for 15 minutes following 5-day eletroacupuncture preconditioning according to a previously described method (Panahian et al., 1996). Briefly, mice were anesthetized using 4% chloral hydrate (i.p., 0.1 mL/10 g). With the neck hyperextended, an anterior midline incision was made through the platysma muscle and fascia propria, and the left and right carotid bundles exposed behind the sternocleidomastoid muscles. The carotid was identified after blunt dissection. Right and left carotid arteries were successively occluded using two Zen temporary clips (13 mm × 0.4 mm; 15 g closing force). Global ischemia was induced for 15 minutes by clip occlusion of both common carotid arteries, followed by 72 hours of reperfusion. Mice in the sham group were subjected to anterior midline incision, but the left and right carotids were only exposed and not clipped.

CC, an AMPK antagonist, was purchased from Merck Millipore (Darmstadt, Germany) and dissolved in dimethyl sulfoxide. At BCCAO onset, CC (10 mg/kg) was injected into the mice (i.p.) (Li et al., 2011). Mice in the sham, BCCAO, and EA + BCCAO groups were injected with normal saline (10 mg/kg).

Terminal deoxynucleotide transferase-mediated dUTP nick-end labeling (TUNEL) staining and hematoxylin-eosin staining {#sec2-4}
--------------------------------------------------------------------------------------------------------------------

After 72 hours of reperfusion, cell apoptosis in the hippocampal CA1 region (Paxinos and Watson, 2005) was assessed by hematoxylin-eosin and TUNEL staining. First, the mice (*n* = 6 in each group) were anesthetized using 4% chloral hydrate (0.1 mL/10 g), and then intracardially perfused with 0.9% NaCl followed by 4% paraformaldehyde. Second, the brains were removed and the brain tissue harvested at the coronal plane 1--4 mm posterior to the optic chiasma. Next, the brain tissue was fixed for 2 hours, washed for 4 hours, dehydrated with gradient ethanol, and then cleared with xylene. Lastly, the brain tissue was paraffin-embedded and cut into 4 mm-thick sections for further use. Sections were stained in order with hematoxylin and eosin, dehydrated, and then mounted. All sections were observed by light microscopy. TUNEL staining was performed, as described in a previous study (Liu et al., 2013), and in accordance with the manufacturer\'s instructions (Roche, Basel, Switzerland). TUNEL staining was quantitatively evaluated using the previously described method. Briefly, sections were examined under a light microscope (Olympus, Tokyo, Japan) at 400× magnification. The total number of positively stained cells within this field-of-view was counted and expressed as cells/mm^2^. Three animals in each group and three sections for each rat were scored to determine the number of TUNEL-positive cells, with the mean value calculated.

Western blot analysis {#sec2-5}
---------------------

After 72 hours of reperfusion, mice (*n* = 6 in each group) were sacrificed by cervical dislocation under anesthesia using 4% chloral hydrate (i.p., 0.1 mL/10 g). The brains were quickly removed and the hippocampus rapidly isolated and snap-frozen. Hippocampal tissue was homogenized in radioimmunoprecipitation assay lysis buffer (Beyotime Biotechnology, Shanghai, China), and centrifuged at 10,000 × g for 5 minutes at 4°C. Protein concentration was measured using the bicinchoninic acid protein assay reagent (Beyotime Biotechnology), and then mixed with buffer and heated at 99°C for 5 minutes. Equal protein amounts (50 μg) were loaded in each well and separated by 10% sodium dodecylsulfate-polyacrylamide gel electrophoresis. Proteins were separately transferred from the gel to polyvinylidinene fluoride membrane (Merck Millipore, Darmstadt, Germany). Membranes were blocked in 5% fat-free milk prepared in Tris-buffered saline/Tween-20 buffer for 1 hour, and incubated with primary monoclonal antibodies for rabbit anti-mouse AMPKα (1:1,000; Abcam, Cambridge, UK), rabbit anti-mouse phosphorylated-AMPKα (p-AMPKα) (1:1,000; Cell Signaling Technology, Danvers, MA, USA), and GAPDH (1:500; rabbit anti-mouse; Zhongshan Goldenbridge Biotechnology, Beijing, China) overnight at 4°C. Membranes were washed three times with Tris-buffered saline/Tween-20, and then incubated with goat anti-rabbit IgG (1:5,000; Zhongshan Goldenbridge Biotechnology) for 2 hours at room temperature. Blots were developed using enhanced chemiluminescence (Beyotime Biotechnology). Semiquantitative analysis of the blots was performed by densitometry with quantification using Quantity One software (Bio-Rad, Hercules, CA, USA). Each sample was immunoblotted three times, and the final optical density value represents the average of these three separate analyses.

Statistical analysis {#sec2-6}
--------------------

Data are presented as mean ± SD and were analyzed by one-way analysis of variance followed by the *post hoc* Student-Newman-Keuls test. All data were analyzed using SPSS 19.0 software for Windows (IBM Corporation, Armonk, NY, USA). A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Effect of EA on hippocampal neuronal morphology in BCCAO mice {#sec2-7}
-------------------------------------------------------------

Hippocampal CA1 neurons in the sham group appeared normal, and were considered to be indicative of normal neurons (**[Figure 1](#F1){ref-type="fig"}**). Compared with the sham group, the neuronal morphology in the BCCAO, EA + BCCAO, CC + BCCAO, and EA + CC + BCCAO groups deteriorated to different extents. In comparison with the EA + BCCAO group, more severe neuronal degeneration and disordered neuronal arrangement was observed in the BCCAO, CC + BCCAO, and EA + CC + BCCAO groups after 72 hours of reperfusion.

![Neuronal morphology in the hippocampal CA1 region at 72 hours after BCCAO (hematoxylin-eosin staining, × 400).\
Neurons in the sham group (A) were normal. Neuronal morphology was similar in the EA + BCCAO group (C). Neuronal degeneration was more severe with a more disordered neuronal arrangement in the BCCAO (B), CC + BCCAO (D), and EA + CC + BCCAO (E) groups. Arrows indicate neurons. EA: Electroacupuncture; BCCAO: bilateral common carotid artery occlusion; CC: compound C (an adenosine monophosphate-activated protein kinase antagonist).](NRR-10-1069-g001){#F1}

Effect of EA on cell apoptosis in the hippocampus of BCCAO mice {#sec2-8}
---------------------------------------------------------------

Barely any TUNEL-positive cells were detected in the hippocampal CA1 region of mice in the sham group after 72 hours of reperfusion (**[Figure 2](#F2){ref-type="fig"}**). Compared with the BCCAO group, the number of TUNEL-positive cells in the hippocampal CA1 region decreased in the EA + BCCAO group (*P* \< 0.05). While in contrast to the EA + BCCAO group, the number of TUNEL-positive cells increased in the EA + CC + BCCAO group (*P* \< 0.05).

![Cell apoptosis at 72 hours after BCCAO in the hippocampal CA1 region (TUNEL staining).\
(A) TUNEL staining in the hippocampal CA1 region cells (× 400). (A1--A5) Sham, BCCAO, EA + BCCAO, CC + BCCAO, and EA + CC + BCCAO groups. Arrows indicate typical TUNEL-positive cells. (B) Quantification of TUNEL-positive cells in the hippocmpal CA1 region. Data are presented as the mean ± SD, and were analyzed by one-way analysis of variance followed by *post hoc* Student-Newman-Keuls test. \**P* \< 0.05, *vs*. BCCAO group; \#*P* \< 0.05, *vs*. EA + BCCAO group. TUNEL: Terminal deoxynucleotide transferase-mediated dUTP nick-end labeling; EA: electroacupuncture; BCCAO: bilateral common carotid artery occlusion; CC: compound C (an adenosine monophosphate-activated protein kinase antagonist).](NRR-10-1069-g002){#F2}

Effect of EA on protein expression of AMPKα and p-AMPKα in the hippocampus of BCCAO mice {#sec2-9}
----------------------------------------------------------------------------------------

Expression of AMPKα and p-AMPKα was analyzed by western blot assay (**[Figure 3](#F3){ref-type="fig"}**). Compared with the sham group, AMPKα and p-AMPKα expression levels in the hippocampal CA1 region were upregulated in the EA + BCCAO group after 72 hours of reperfusion. Compared with the BCCAO group, EA preconditioning significantly upregulated AMPKα and p-AMPKα levels in the EA + BCCAO group (*P* \< 0.05). Moreover, compared with the EA + BCCCAO group, CC intervention had no effect on AMPKα levels in the EA + CC + BCCAO group (*P* \> 0.05), and significantly suppressed increased p-AMPKα expression induced by EA preconditioning in the EA + CC + BCCAO group (*P* \< 0.05).

![Western blot analysis of protein expression of AMPKα (A) and p-AMPKα (B) in the hippocampal CA1 region at 72 hours after BCCAO.\
Data are presented as the mean ± SD (*n* = 6 mice in each group), and were analyzed by one-way analysis of variance followed by *post hoc* Student-Newman-Keuls test. Values represent the optical density ratio of target protein to GAPDH. Experiments were performed in triplicate. \**P* \< 0.05, *vs*. BCCAO group; \#*P* \< 0.05, *vs*. EA + BCCAO group. AMPKα: Adenosine monophosphate-activated protein kinase α; p-AMPKα: phosphorylated adenosine monophosphate-activated protein kinase α; EA: electroacupuncture; BCCAO: bilateral common carotid artery occlusion; CC: compound C (an adenosine monophosphate-activated protein kinase antagonist).](NRR-10-1069-g003){#F3}

Discussion {#sec1-4}
==========

As a potent protective maneuver, preconditioning activates several endogenous signaling pathways to provide neuroprotection against ischemia (Pérez-Pinzón et al., 1997; Stagliano et al., 1999; Lee et al., 2015; Parmar and Jones, 2015; Wang et al., 2015). Identification of these pathways and their related targets may lead to development of novel therapeutic concepts (Dirnagl et al., 2009). Experimental studies in animals show that *Baihui* acupuncture can attenuate ischemic brain injury, and thereby demonstrates the potential value of acupuncture for patients suffering from ischemic brain injury (Gao et al., 2002; Chuang et al., 2007; Cheng et al., 2014; Tan et al., 2014; Xu et al., 2014a). Electroacupuncture based on traditional acupuncture has advantages as it can be readily controlled, standardized, and objectively measured compared with traditional acupuncture.

Recently, AMPK has gained greater interest in the area of neuroprotection. Adenosine monophosphate-activated protein kinase is a heterotrimer with three subunits, including two isoforms of the catalytic α subunit (AMPKα1 and AMPKα2), two isoforms of the β subunit (β1 and β2), and three isoforms of the γ subunit (γ1, γ2, and γ3) (Li and McCullough, 2010). Each subunit appears to have distinct functions and is expressed in different brain areas (Turnley et al., 1999; Culmsee et al., 2001; Ramamurthy and Ronnett, 2006; Hardie, 2007; Ofir et al., 2007; Oakhill et al., 2011). Although AMPK activation is an adaptive response to stress in many systems, the consequences of stress-mediated AMPK activation are still controversial. The role of AMPK has been demonstrated in many studies. During ischemic metabolic stress, AMPK activation is deleterious and its inhibition can lead to neuroprotection (McCullough et al., 2005; Li et al., 2007, 2010; Venna et al., 2012; Nam et al., 2013; Ma et al., 2015). However, other findings show that AMPK represents an endogenous neuroprotective pathway under physiological (hunger) and pathophysiological (stroke) conditions (Culmsee et al., 2001; Kuramoto et al., 2007; Anilkumar et al., 2013; Choi et al., 2013; Jinadasa et al., 2014). It will be important to determine if the role of AMPK varies in different brain regions, and whether its region-specific subunit expression potentially contributes to differing physiological functions.

Expression of AMPKα is particularly high in hippocampal pyramidal neurons, and is activated during energy-deprived states including cerebral ischemia (Pertsch et al., 1988; Hardie, 2004). After ischemia/reperfusion in the hippocampal CA1 region, AMPK immunoreactivity was almost undetectable at 4--7 days, while p-AMPK immunoreactivity was almost undetectable at 1--2 days (Nam et al., 2013). Thus, we chose the time point of 72 hours after ischemia/reperfusion to detect changes in AMPK and p-AMPK levels and obtain a more accurate result. Here, the effect of cerebral ischemia duration on AMPK and p-AMPK expression was ignored, and instead we focused on the influence of EA preconditioning on AMPK and p-AMPK levels. Moreover, the animal model was limited to the C56BL/6 mouse, which is vulnerable to cerebral ischemia. To investigate the effects of EA preconditioning, CC was used to inhibit AMPK activation. CC is a selective pharmacological AMPK inhibitor and the only available agent that has been widely used in cell-based, biochemical, and *in vivo* assays (Vucicevic et al., 2011). CC can reduce AMPK phosphorylation and enzymatic activity, which results in diminished functional AMPK (Vucicevic et al., 2009).

First, hematoxylin-eosin and TUNEL staining revealed that EA preconditioning suppressed cell apoptosis, confirming the protective effect of EA in the BCCAO model. Second, western blot analysis showed that AMPKα protein levels were increased by EA preconditioning in the hippocampal CA1 region after 72 hours of reperfusion in the EA + BCCAO and EA + CC + BCCAO groups. However, because of AMPK inactivation, TUNEL staining revealed a significant difference in cell apoptosis between these two groups. Lastly, p-AMPKα expression and the p-AMPKα/AMPKα ratio in the EA + CC + BCCAO group increased more significantly than in the other groups. Western blot analysis showed that p-AMPKα expression and the p-AMPKα/AMPKα ratio in the EA + CC + BCCAO group were lower compared with the EA + BCCAO group. TUNEL staining suggested that cell apoptosis is greater in the EA + CC + BCCAO group, indicating that AMPK-induced neuroprotection is inhibited by CC.

Our study shows that EA preconditioning significantly reduces neuronal apoptosis, whereas CC after EA stimulus reverses the beneficial effect, suggesting that EA preconditioning alleviates neuronal apoptosis *via* AMPK activation. Thus, this study has further delineated the protective effect of EA preconditioning on ischemic brain injury. Although further investigations are needed to identify the detailed signaling cascades underlining the AMPK pathway in EA pretreatment, our current findings highlight a novel mechanism for EA pretreatment inducing rapid tolerance to cerebral ischemia in a mouse model.
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